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Abstract
Microbes often engage in cooperation through releasing biosynthetic compounds required
by other species to grow. Given that production of costly biosynthetic metabolites is gener-
ally subjected to multiple layers of negative feedback, single mutations may frequently be
insufficient to generate cooperative phenotypes. Synergistic epistatic interactions between
multiple coordinated changes may thus often underlie the evolution of cooperation through
overproduction of metabolites. To test the importance of synergistic mutations in coopera-
tion we used an engineered bacterial consortium of an Escherichia coli methionine auxo-
troph and Salmonella enterica. S. enterica relies on carbon by-products from E. coli if
lactose is the only carbon source. Directly selecting wild-type S. enterica in an environment
that favored cooperation through secretion of methionine only once led to a methionine pro-
ducer, and this producer both took a long time to emerge and was not very effective at coop-
erating. On the other hand, when an initial selection for resistance of S. enterica to a toxic
methionine analog, ethionine, was used, subsequent selection for cooperation with E. coli
was rapid, and the resulting double mutants were much more effective at cooperation. We
found that potentiating mutations in metJ increase expression of metA, which encodes the
first step of methionine biosynthesis. This increase in expression is required for the previ-
ously identified actualizing mutations in metA to generate cooperation. This work highlights
that where biosynthesis of metabolites involves multiple layers of regulation, significant
secretion of those metabolites may require multiple mutations, thereby constraining the evo-
lution of cooperation.
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Introduction
Resolving the genetic and mechanistic bases of complex biological behaviors within or
between cells remains a central challenge in the post-genomic era. The rare and delayed emer-
gence of citrate use in experimentally evolved Escherichia coli has become a classic example of
this challenge[1–4]. This work has pointed to the key role of “potentiation”, an initial mutation
(s) that permits evolution of “actualization” through a subsequent mutation that fully allows
the complex trait to emerge. Similarly, the early stages of inter-species cooperation may also
tend to require multiple mutations. If multiple mutations are required to permit effective
exchange of nutrients, how can this trait emerge? There are now many examples of metabolic
exchange in natural microbial systems [5–7], yet the evolutionary events facilitating coopera-
tion remain unclear. Synthetic systems have begun to provide clearer insights into the underly-
ing mutations and mechanisms required for inter-species cooperation[8–19], but several
questions remain. Namely, how do the ordering and functional impact of adaptive mutations
impact the emergence of the cooperative phenotype?
The need for a potentiating mutation to precede an actualizing mutation is an example of
epistasis. Epistasis describes when the phenotypic effect of a gene depends upon the genotype
at one or more other loci[20]. In the experimental evolution of microbes, whereby evolution
can be replayed from the same starting point, it has been commonly found that beneficial
mutations generically provide proportionally less advantage when combined than expected
from their individual effects, i.e., antagonistic epistasis (also known as diminishing returns)
on fitter backgrounds[21–26], although counter-examples of synergistic epistasis have been
shown[27]. The scenario of potentiating and actualizing mutations is a strong form of syner-
gistic epistasis. Epistasis can greatly affect adaptation, from slowing the pace of fitness increase
[28–29], to constraining the evolutionary trajectory of a population[30–32]. The requirement
of potentiating and actualizing mutations to generate a novel phenotype is yet another example
of the importance of epistasis in evolutionary processes.
We have studied de novo evolution of cooperation in a synthetic bacterial consortium
where multiple mutational steps were necessary for effective metabolic exchange to occur[11].
The model consortium involves the cross-feeding of metabolites between two mutually-depen-
dent species: an Escherichia coli methionine auxotroph (ΔmetB) and Salmonella enterica sero-
var Typhimurium (Fig 1). When grown in media containing lactose as a substrate and no
methionine supplementation, only E. coli can access the carbon, but only S. enterica is able to
synthesize methionine. E. coli naturally excretes compounds such as acetate during lactose
metabolism, which provides a carbon source for S. enterica. However, wild-type (WT) S. enter-
ica LT2 cannot supply sufficient methionine to maintain the E. coli, and therefore the initial
consortia cannot be maintained in lactose minimal media. In the development of this system
by Harcombe[11], an S. enterica that secreted methionine could not be obtained solely though
selection for growth in the consortia. Instead, Harcombe used a classic method for generating
methionine overproduction: selection for resistance to ethionine (EthR), a toxic methionine
analog. Methionine biosynthesis in S. enterica is tightly regulated via end-product inhibition at
the level of both transcription and translation[33–35], and ethionine represses methionine
production via the same mechanism[34]. The resulting EthR strain (R1, for first Resistance
mutation) could not support consortia growth either, but in this background it was possible to
use selection for consortia growth on solid media to generate a methionine-overproducing
strain of S. enterica (R1P1, also containing the first Production mutation).
In previous work, we characterized the actualizing mutations that permitted methionine
production, and thus cooperation in our synthetic consortium; however, we had not identified
the potentiating mutation that preceded it[19]. Note two critical differences between the
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Fig 1. R0P9 evolved cooperation without first selecting for transcriptional deregulation. a) R0P9 was evolved
directly from wild-type S. enterica LT2 co-cultured with an E. coli methionine auxotroph on lactose minimal media.
Sequencing revealed the causative mutation in metK, which resulted in methionine production and excretion enabled
growth of E. coli ΔmetB, which in turn excretes usable carbon for S. enterica. b) Producer R0P9, evolved without first
selecting for ethionine resistance, excretes similar amounts of methionine compared to R1P1, evolved from ethionine
resistance background. Yet R0P9, when co-cultured with E. coli ΔmetB in lactose minimal media, contributes to a much
slower consortia growth compared to R1P1. c) R1P1 and R0P9 express similarly increased levels of metJ and metA
compared to LT2 wild-type ancestor. Error bars indicate standard error of three biological replicates.
https://doi.org/10.1371/journal.pone.0174345.g001
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emergence of citrate and the emergence of methionine production by S. enterica: in the former
case, both potentiating and actualizing mutations emerged in the same environmental condi-
tions, and the first citrate utilizers had to rise on frequency over the course of many transfers.
In the case of methionine production, this emerged through two successive environments, and
in both cases colonies were isolated immediately upon obtaining the desired trait (EthR or
consortium growth without methionine). In this study we were explicitly concerned with the
epistatic interactions between successive mutations that are required collectively to produce
a phenotype, rather than the population dynamics that could have limited its emergence in
nature. As such, we used both the original R1 strain and two additional EthR strains (R2 and
R3) as starting points for repeated evolution of methionine excretion in the context of the
consortia. This initial selection on solid media gave rise to seven additional, independent coop-
erative methionine producers that could support community growth in liquid media where
performance could be more easily quantified. The stock of S. enterica we received was a mix-
ture of two closely-related strains, LT2 and 14028s, and the R2 and R3 strains were obtained
in the 14028s background, unlike the original R1 strain. Despite subtle genetic differences
between these S. enterica lineages, they are identical in all genes associated with methionine
biosynthesis and carbon metabolism[36]. Each of these second step P mutations (P1 to P8)
were identified in metA, that encodes homoserine trans-succinylase (HTS), the first enzyme of
methionine biosynthesis. Molecular modeling suggested that the mutations increased activity
of HTS, and hence methionine production, by altering homodimerization. The metA muta-
tions were necessary and sufficient for cooperative methionine excretion within the R strains,
but were insufficient to generate methionine excretion to support consortia growth when
placed alone into their WT backgrounds. The fact that none of the as yet unknown R muta-
tions nor the actualizing P mutations in the WT background could individually recapitulate
cooperative levels of methionine excretion demonstrated synergistic epistasis between these
loci, but we did not know the identity of the potentiating R mutations.
Here we both attempted to evolve cooperative methionine production directly, and identi-
fied and characterized the three actualizing R mutations. Only when we greatly increased the
selection time for our original direct selection of WT S. enterica in a consortium could we obtain
a methionine-excreting strain. The responsible adaptive mutation was identified in metK, which
codes for the enzyme that synthesizes S-adenosylmethionine (SAM), a downstream product of
the methionine pathway and co-repressor of methionine pathway genes[37,38]. This strain
grew quite slowly both alone and in consortia compared to those arising from R backgrounds.
The three actualizing R mutations were all in the metJ locus, which encodes the methionine
pathway repressor, MetJ[39] (Fig 1). MetJ is a transcriptional repressor that, when bound to
SAM, inhibits expression of the methionine regulatory pathway[38]. We demonstrate that these
metJ mutations were necessary for cooperative levels of methionine excretion by S. enterica,
because they reduce or eliminate repression of the methionine pathway. Pairing the previously
characterized actualizing metA mutations with the potentiating metJ mutations was sufficient to
generate the fully-cooperative S. enterica phenotype. The need for a potentiating metJ mutation
before the actualizing metA mutation illuminates the difficulties in overcoming redundant net-
work regulation in the emergence of novel inter-species cooperation.
Results
Evolution of cooperation without first selecting for transcriptional
derepression is possible, but inefficient
Although our earlier studies evolved S. enterica cooperators from EthR backgrounds[11,19], we
first readdressed whether direct selection for cooperation with E. coli ΔmetB on solid medium
Potentiation of interspecies cooperation
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could result in discernible cooperation. Six attempts at different times all proved unsuccessful in
the experimental timeframe of 3–5 days, so we decided to give a final attempt with a much longer
time frame. In this case, S. enterica LT2 was co-cultured with E. coli ΔmetB on agarose plates for
eight weeks, with no transfers. Lack of cross-fed nutrients did not result in complete loss of via-
bility of either species, as streaking cell material onto permissive plates for each partner revealed
viable cells. Slow leakage of nutrients from cells that were metabolically active but not growing,
along with potential impurities in media, could result in growth of a small sub-population suffi-
cient for adaptation, similar to previous systems[40–41]. After eight weeks, a colony formed on
the agarose plates, similar to those seen previously from R strains that evolved into cooperators.
This colony contained an S. enterica, termed R0P9 (zero ethionine Resistance mutations, 9th Pro-
ducer mutation), which excreted enough methionine to support E. coli ΔmetB growth (Fig 1).
R0P9 excreted levels of methionine per biomass similar to that of other evolved S. enterica
cooperators like R1P1 (Fig 1; two-tailed Students t-Test, P = 0.75). The resulting consortia
growth, however, was much slower than any of the strains that emerged from EthR back-
grounds[19] due to the very slow individual growth of R0P9.
Evolved metKP9 allele increases transcription of metA
Whole genome sequencing of R0P9 revealed a non-synonymous mutation in metK [Q120L
(CAG!CTG)] as the only mutational difference from ancestral WT S. enterica LT2, and thus
the P mutation for this strain. metK encodes the last enzyme in the methionine pathway that
catalyzes the formation of SAM from methionine. In E. coli, SAM inhibits the methionine syn-
thetic pathway at both the transcriptional and translation levels acting as a co-repressor with
MetJ[35,38,42,43], and likely behaves quite similarly in S. enterica[33]. Quantitative RT-PCR
data showed that metA expression, which is normally repressed by the MetJ-SAM complex,
increased by 35.2±9.0 fold in R0P9 relative to WT ancestor, similar to the increased expression
in the evolved cooperator R1P1 (Fig 1).
Mutations in metJ occurred in ethionine-resistant strains prior to the
evolution of metA actualizing mutations
To identify the R mutations that we hypothesize potentiated the rapid adaptation of effective
cooperation in our earlier studies[11,19], we sequenced the genomes of S. enterica cooperators
R2P4 and R3P5, as well as the ancestral WT strains (Fig 2). The R2P4 sequence differed from
WT by five single nucleotide polymorphisms, while R3P5 differed by three. In addition to metA,
which is the confirmed causative mutation for the second step of our evolution[19], the only other
common mutational target was metJ, which encodes the methionine operon repressor MetJ (Fig
2). R2P4 contained a G-54!A substitution within one of the promoters of metJ[44]. R3P5 con-
tained non-synonymous mutation in the metJ coding region, P11S. Subsequent targeted sequenc-
ing of metJ in R1 revealed another mutation at this locus: an IS10 insertion 16 nucleotides before
the translation start site, interrupting the putative ribosome-binding site. Thus, all of our evolved
cooperators arose from EthR strains with mutations in metJ. This locus had been identified as a
mutational target in the previous screens for EthR[39], and sequencing of metJ in the ancestral
WT and R strains of S. enterica confirmed that these mutations occurred during selection for EthR
but before the RP strains evolved cooperative methionine excretion. Note that in all cases there
were no apparent phenotypic changes in the E. coli ΔmetB partner over this time course.
metJ mutations are necessary to potentiate the actualizing metA mutations
Previously engineered strains with the evolved metA alleles substituted into the wild-type
background failed to excrete methionine, suggesting that R mutations were necessary for
Potentiation of interspecies cooperation
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cooperation[19]. Indeed, only insertion of evolved metA alleles into R strains enabled methio-
nine excretion. To directly test whether the identified metJ mutations were a necessary inter-
mediate step in evolution of cooperation, the ancestral metJWT allele was substituted into
cooperator strains and then tested for cooperation in co-culture with E. coli ΔmetB. Evolved S.
enterica strains with metJWT failed to support cooperative consortia growth, as did wild-type S.
enterica with just metJR1, metJR2 and metJR3 (Fig 3). Only substitution of both evolved metJ and
metA alleles into ancestral backgrounds recapitulated the evolved cooperator phenotype (Fig
4). Thus the metJ mutations that arose in the first step of our evolution protocol, along with
the metA mutations that arose in the second step, are both necessary and, together, sufficient
for robust methionine excretion in WT S. enterica. By comparison, the level of consortia
Fig 2. S. enterica producers evolved from ethionine-resistant strains that feature mutations in metJ. a)
S. enterica ethionine resistant strains (R strains) were evolved from wild-type LT2 and 14028s strains, and then
co-cultured with E. coli methionine auxotrophs on lactose minimal media. Adaptive methionine excretion by
evolved cooperators enabled growth of E. coli ΔmetB. Sequencing revealed parallel mutational targets in each
strain during both selection steps: metJ during selection for ethionine resistance (detailed in 1b) and metA
during selection for cooperative methionine production (detailed in [14]). b) A diagram of metJ shows the
mutations in R1 (IS insertion), R2 (G-54➙A mutation in promoter), and R3 (P11S residue substitution) that arose
during selection for resistance to ethionine.
https://doi.org/10.1371/journal.pone.0174345.g002
Potentiation of interspecies cooperation
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growth provided by R0P9 was greater than R2 and R3 (Fig 5; one tailed Student’s t-Test,
P = 0.0068 and P = 0.00027, respectively), but was insignificantly greater than R1 (one tailed
Student’s t-Test, P = 0.076). This again highlights how ineffective the one instance of coopera-
tion obtained from direct selection in consortia was compared to the eight strains obtained
from the two-step selection procedure.
Individual-level fitness costs of potentiating metJ mutations
To quantify the effects of adaptive metJ mutations on S. enterica growth, individual and con-
sortia growth rates were measured for each WT, R, and evolved RP strain (Fig 5). While the
individual growth rate of R2 and R3 in galactose minimal media show a small, but insignificant
decrease in growth relative to 14028s (one-tailed Students t-Test, P = 0.17 and P = 0.14, respec-
tively), both R1 showed a significant decrease relative to LT2 (one-tailed Students t-Test,
P = 0.00059). Interestingly, the majority of the cost to individual growth incurred by coopera-
tion does not arise from the metA mutation that results in methionine excretion, but rather the
metJ mutations.
Fig 3. Ethionine resistant metJ is necessary for cooperative phenotype in S. enterica. Wild-type and EthR alleles of metJ
were substituted into wild-type and evolved S. enterica backgrounds. Asterisks indicate no metJ substitution. Error bars
indicate standard error of three biological replicates.
https://doi.org/10.1371/journal.pone.0174345.g003
Potentiation of interspecies cooperation
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Potentiating metJ mutations increase expression of metA
Since metJ is a transcriptional repressor of most methionine biosynthesis genes, we compared
expression of metJ and metA in R and RP strains to their expression in wild-type (Fig 6, S1
Table). Notably, all metJ mutations observed (metJR1, IS10 insertion; metJR2, G-54!A; metJR3,
P11S substitution in MetJ) yielded minor, less than two-fold changes in metJ expression, yet all
caused increases in metA expression. Despite the R2 mutation being in the metJ promoter, and
yielding only a modest decrease in metJ expression (1.65±0.13 fold decrease), it causes a 4.54
±0.52 increase in metA expression. In contrast, the R3 mutation is in the MetJ coding region
and causes a smaller 2.53±0.83 fold increase in metA expression. Given the nature of metJR3, we
suspect this mutation likely inhibits the function of MetJ, thus decreasing repression of methio-
nine pathway genes. A far greater change in metA expression occurred in R1, which exhibited a
Fig 4. Ethionine resistant metJ and evolved methionine producing metA alleles are sufficient to recapitulate cooperative
behavior in S. enterica. Error bars represent standard error of three biological replicates. Gray indicates either the original strain, or the
reconstructed strain containing the metA and metJ alleles, such that the rest of their genome is the wild-type background. Differences in
wild-type growth rates represent day-to-day variation in growth conditions.
https://doi.org/10.1371/journal.pone.0174345.g004
Potentiation of interspecies cooperation
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48±8.17 fold increase. Although the IS10 insertion upstream of metJR1 generated a 1.26±0.13
increase in metJ expression, it transposed into the middle of the ribosome-binding site sequence
(50-AGGAGGA-30). The high metA levels are thus likely due to ineffective translation of the
metJ transcript. Collectively, these data suggest that all metJ mutations work to decrease metA
repression, but through different mechanisms with varying effects on metA expression.
In order to determine whether intracellular methionine exerted any degree of feedback
inhibition upon metA transcription, we compared metA mRNA levels in the R strains vs. the
RP strains (Fig 6). For both, R2P4 and R3P5, metA levels decreased compared to R2 or R3,
demonstrating some remaining responsiveness to end-product inhibition. In contrast metA
levels were not significantly changed for R1P1 compared to R1, suggesting the metJR1 allele
was effectively a null allele.
metJ deletion mimics the potentiating R mutations
To directly test how the evolved metJ alleles compared to a null allele, we generated a deletion
in WT and evolved backgrounds. As with the evolved metJ alleles, ΔmetJ alone does not cause
Fig 5. Individual and consortia growth rates for wild-type, ethionine resistant, and evolved strains.
Individual growth of S. enterica strains was measured in galactose minimal media, while consortia growth
rates represents S. enterica strains co-cultured with E. coli ΔmetB in lactose minimal media. S. enterica LT2 is
the wild-type ancestor of R1, which evolved into R1P1. S. enterica 14028s is the wild-type ancestor of R2 and
R3, which each evolved into R2P4 and R3P5, respectively. Error bars represent standard error of three
biological replicates.
https://doi.org/10.1371/journal.pone.0174345.g005
Potentiation of interspecies cooperation
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cooperation. When combined with metAP1, however, ΔmetJ is sufficient to recapitulate consor-
tia growth in the WT S. enterica LT2 background (Fig 7). This supports the hypothesis that the
R1 mutation in the metJ ribosome-binding site results in a null phenotype.
No specificity in interaction between evolved metJ and metA
Given that the metA alleles emerged on the background of different metJ alleles, we exchanged
metJ alleles between backgrounds to determine whether there was an specificity in the interac-
tions between particular alleles, as has been shown for other systems[31,32]. To illustrate the
differential effects of each metJ allele, we calculated the difference in consortia growth rate rela-
tive to each corresponding S. enterica without the allele replacement (Fig 8). metJR1 and metJR3
have fairly similar impacts on the cooperative phenotype (one-way Tukey’s HSD, P values
ranging from 0.96 to 1), whereby swapping between these alleles having insignificant effects
for two of the three sets of comparisons. On the other hand, both cases where metJR2 was intro-
duced led to large decreases in growth, and replacing metJR2 with either of the other alleles
led to fairly similar increases in growth. Examining the effect of the metA P alleles, the order
P4>P5>P1 was maintained with all metJ R alleles tested (although metAP5 was only signifi-
cantly better than metAP1 for the case of metJR2). These data indicate that although both
Fig 6. Expression of metJ and metA in R and RP strains relative to wild-type S. enterica. mRNA levels
were assayed by quantitative RT-PCR for the strains directly obtained due to selection for ethionine resistance
or consortia growth in the absence of methionine. Error bars represent standard error of three biological
replicates.
https://doi.org/10.1371/journal.pone.0174345.g006
Potentiation of interspecies cooperation
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individual metA and metJ alleles vary in their effect on cooperation, there is little evidence of
specific interactions between these alleles.
Discussion
Cooperation through sharing of small, costly cellular commodities can be found in natural
microbial populations[5–7]. When shared commodities are costly to produce, explaining the
origin of such behavior becomes challenging from both an evolutionary and a mechanistic
viewpoint. In particular, how do cooperative genotypes untangle redundant layers of repres-
sion that normally regulate the production of precious cellular commodities? Having uncov-
ered the genetic basis of the potentiating (or direct) mutations, we can now address several
questions. First, what allowed the metJ alleles to potentiate the metA actualizing mutations that
enabled cooperation? Second, why might these metJ alleles have arisen more readily than the
metK allele? And third, why were the potentiating metJ alleles less costly than the metK allele?
The basis of potentiation in this system appears to be that the initial selection for EthR led to
loss-of-function alleles in the transcriptional repressor metJ that resulted in increased expres-
sion of methionine pathway genes, like the actualization target, metA. For metJR1, the large
increase in metA transcription (nearly 50-fold) and the insensitivity of metA transcription to
Fig 7. Null metJ mutant together with evolved metA alleles are sufficient for cooperation in wild-type
S. enterica background. Asterisks indicate native allele (no substitution). ΔmetJ induced cooperation in wild-
type backgrounds containing metAR1P1, metAR2P4, metAR3P5. Gray indicates reconstruction of the indicated
metA or metJ alleles in the wild-type background, whereas the colored bars are the RP strains isolated from
selection for consortia growth, or the RP strains with a ΔmetJ allele.
https://doi.org/10.1371/journal.pone.0174345.g007
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the high methionine production caused by metAP1 suggest that metJR1 was essentially a com-
plete loss of production of the repressor protein. On the other hand, the moderate increase in
metA transcription (2.5 to 4.5-fold) and the extent of metA transcriptional repression due to
metA P alleles suggest that each of the metJR2 and metJR3 alleles retained enough MetJ activity
to have only a partial derepression. From this background, actualizing mutations arose in
metA that increased the activity of the biosynthetic enzyme HTS[19]. Individually, mutations
in either metJ or metA are unable to overcome repression at the other level of regulation, and
correspondingly neither allele alone leads to effective growth in consortia. Together, they are
able to increase the capacity to generate methionine and partially or completely decouple this
rate from feedback by cellular methionine concentrations. This temporal ordering where tran-
scriptional regulation is targeted first is a common finding in metabolic engineering, and the
evolution of enzymes[45,46]. Though examples do exist where changes in coding sequence
proceeded changes in expression in evolving populations[47], regulatory mutants generally
precede structural ones in enzyme evolution, especially if the enzyme is very efficient[48].
The metJ R alleles and the metKP9 allele both led to similar levels of metA over-expression;
why then did EthR emerge over the course of days, whereas the one successful case of direct
selection for cooperation took 8 weeks? As mentioned above, the evolved metJ alleles all had
partial or complete loss-of-function mutations, and even a ΔmetJ allele could suffice. Because
Fig 8. The effect of metJ alleles on cooperation in different S. enterica genetic backgrounds. Mean
growth rate of each cooperator with no metJ substitution was subtracted from measured consortia growth rates
with substituted metJ. Error bars represent standard error of three biological replicates.
https://doi.org/10.1371/journal.pone.0174345.g008
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of this, many changes within the gene due to either point mutations or insertion sequence
interruptions could generate this phenotype. On the other hand, the metKP9 allele likely acts
via changing the concentration of SAM in the cell. This creates a balance between needing suf-
ficiently high SAM to supply enzymes needed for methyl transfers throughout biosynthesis,
and keeping the levels sufficiently low to not repress methionine synthesis at both the tran-
scriptional and translational levels[49]. It is thus likely that there exists a much smaller muta-
tional target to render MetK less active by the right amount compared to simply needing to
destroy MetJ regulation.
Pleiotropy also appears to be at the heart of why the R0P9 lineage with the metKP9 allele
grows more slowly than either the R strains with evolved metJ alleles or the RP strains that also
contain the evolved metA alleles. Loss of MetJ-mediated repression and an increase in MetA
activity affect methionine production, but do not otherwise impact cellular physiology. The
same cannot be said for affecting methionine synthesis via the concentration of SAM. It will be
interesting to learn whether a similar tradeoff exists for evolved deregulation of other biosyn-
thetic pathways: one-step solutions that exhibit broad pleiotropic effects, versus multi-step
solutions that may be harder to evolve on their own but lead to a more targeted, insulated
effect upon just the pathway in question. Given that end-product inhibition is nearly universal
for amino acids and vitamin biosynthesis[49], this process of breaking of regulation via multi-
ple interacting mutations may be a common challenge for genotypes to evolve novel costly
cooperation with a partner organism.
The joint requirement for a potentiating and actualizing mutation to achieve discernible
cooperation highlights the challenge epistasis can pose upon evolving overproduction and
excretion of metabolites whose production is tightly regulated. Epistasis exacerbates the chal-
lenges of selecting for cooperation[50], by reducing the abundance of genotypes on which
selection can act. As the R mutations were not beneficial on their own in the environment,
they would only exist at low levels due to mutation-selection balance. They may be enriched in
an environment such as one containing ethionine where derepression is beneficial, but it is
unclear whether such conditions exist in nature. Conversely, sufficiently small population
sizes, such as may be created upon inoculation of a new environment by one or a few cells,
could also allow the deleterious derepression of methionine to rise in frequency due to drift. In
this regard, it is perhaps unsurprising how commonly intracellular bacteria have entered into
mutualisms involving nutrient exchange[9,51]. The bottlenecks of vertical inheritance would
readily allow the deleterious effects of partial derepresssion to persist, thereby potentiating the
further actualizing mutations that create the overproduction of nutrients to emerge and be
selected upon at the level of the holobiont.
Methods and materials
Growth media and strains
The experimental system consisted of an E. coli methionine auxotroph (E. coli ΔmetB) and an
ethionine-resistant S. enterica partner. The E. coli strain K12 BW25113 with a metB knockout
was obtained from the Keio collection, with the only modification being that it had its lactose
metabolism restored as described[11]. Ethionine-resistant S. enterica mutants from LT2 and
14028s backgrounds were selected as described[11]. Cultures were grown in “Hypho” minimal
media containing trace metal mix[32] and were supplemented with either 0.1% (liquid media)
or 0.05% (solid media) galactose or lactose. Consortia were initiated by growing each partner
alone in medium sufficient for their nutritional needs (E. coli on lactose minimal media with
methionine added; S. enterica on glucose minimal media), and these would then be added as
equal volumes of dense overnight cultures. Antibiotic concentrations used were: 50 μg/mL
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ampicillin, 25 μg/mL chloramphenicol. All antibiotics and chemicals obtain from Sigma
Aldrich (St. Louis, MO) unless otherwise noted. All data are available in S2 Table, and all
strains used are listed in S3 Table.
Evolution of methionine excreting S. enterica mutants
The two-step selection process for evolving a methionine-excreting S. enterica LT2 mutant
occurred as described[11]. Briefly, initial selection on ethionine, a competitive methionine
analog, was utilized to create new evolutionary starting points in S. enterica serovar Typhimur-
ium 14028s. Co-culturing of ethionine-resistant S. enterica and E. coli ΔmetB on lactose mini-
mal media agarose plates to select for methionine excretion proceeded as described[11,19].
Evolution of cooperator R0P9 arose from co-culture of 500 μL of S. enterica LT2 grown to satu-
ration in Hypho glucose and 500 μL of E. coli ΔmetB grown in Hypho lactose with 100 μM
methionine, pelleted, resuspended in minimal media, spread onto a lactose Hypho agarose
plate, and transferred after 8 weeks of growth at 30˚C to isolate new cooperative colony at a
1:10 dilution.
Genomic sequencing
Genomic DNA from S. enterica wild-type strains LT2 and 14028s, and our evolved S. enterica
strains R3, R2P4, R3P5, and R0P9 was extracted from lysed cells via phenol chloroform extrac-
tion[52], and prepared for Illumina sequencing using TrueSeq kit. Samples were sent to The
Microarray and Genomic Analysis Core facility at the University of Utah for sequencing on
Illumina HiSeq 2000 sequencer, and aligned and analyzed using breseq, with all default users
settings other than enabled polymorphism prediction [53] (http://www.barricklab.org/breseq).
DNA sequencing reads are deposited in the NCBI SRA.
Gene disruption and plasmids utilized
Deletion of metJ-metB were performed using the method of Datsenko and Wanner[54] with
modifications described by Ellermeier et al.[55]. A selectable chloramphenicol marker (cat)
flanked by 40 bp of the region surrounding the coding region of metJ-metB was constructed
via PCR using plasmid pKD32 as template[54]. PCR product was cleaned using QiaQuick
PCR Purification kit (Qiagen, Valenica, CA) and electroporated into electrocompetent S.
enterica cells carrying lambda Red helper plasmid pKD46[54]. Cells were suspended in LB and
recovered for 1 hr shaking at 37˚C before being spread on selective media. Cells were purified
once more selectively at 37˚C before ΔmetJB::cat insertion was verified via PCR.
P22 transduction
To create lysates for P22 transduction, S. enterica donor strains were grown overnight, and
then diluted 1:500 in 5 mL LB+cat with 150 μL P22 HT int lysate stock and grown with shaking
at 37˚C for approximately 6 hours. After vortexing with 1 mL chloroform to kill remaining
donor cells and centrifuging 10 minutes at 4550 x g to remove debris, lysate was stored at 4˚C
for up to 3 years. 200 μL overμnight culture of recipient S. enterica strains were incubated with
100 μL lysate for 25 minutes at room temperature, rinsed twice with 100 mM sodium citrate
LB, plated onto selective media, and grown overnight. After purifying once more selectively at
37˚C, strains were cross-streaked against lytic P22 H5 lysate to test for remaining presence of
phage.
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Allele replacement
Native metJ/metB loci were deleted via P22 transduction of ΔmetJ/metB::cat and selection on
LB+chloramphenicol. Cured ΔmetJ/metB strains received replacement loci via P22 transduc-
tion of donor strains containing the desired new metJ/metB locus and selection on glucose
minimal media. metB, located within the 1.4 kb region downstream of metJ, was included in
this deletion to allow growth in minimal media to be used as a counter-selection against allele
replacement. metJ is not necessary for growth in these conditions, and ΔmetJ strains would be
indistinguishable from successful transformants in this selection.
Quantitative RT-PCR
10 mL cultures were grown to early log phase (OD600 = 0.10–0.12) in galactose minimal
media, and pellets were snap frozen in liquid nitrogen before storing at -80˚C. Cells were lysed
and RNA was extracted using an RNAeasy Kit (Qiagen) according to the manufacturer’s
instructions. Reverse transcription was performed using SuperScript III Reverse Transcriptase
(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions, using gene specific prim-
ers. qPCR was performed using fast EvaGreen PCR Master Mix (Biotium, Hayward, CA) and
quantified on a CFX384 Touch Real-Time PCR Detection System (BioRad, Hercules, CA).
metA and metJ gene expression values for each strain represent three biological replicates,
each of which is composed of three technical replicates. Relative quantification proceeded as
described[56], using gyrB as reference gene. Standard curves for each primer set, as well as no
reverse transcriptase and no template controls, were included on the same plate as experimen-
tal samples.
Methionine measurements
Methionine measurements via GC-MS closely followed the method of Zamboni et al.[57], and
are detailed for this system in [19].
Supporting information
S1 Table. Q-RT-PCR data of metJ and metA expression.
(XLSX)
S2 Table. Underlying data from figures.
(XLSX)
S3 Table. List of strains used.
(XLSX)
Author Contributions
Conceptualization: SMD LMC WRH CJM.
Data curation: SMD LMC.
Formal analysis: SMD LMC.
Funding acquisition: CJM.
Investigation: SMD.
Methodology: SMD LMC WRH CJM.
Project administration: CJM.
Potentiation of interspecies cooperation
PLOS ONE | https://doi.org/10.1371/journal.pone.0174345 May 11, 2017 15 / 18
Resources: CJM.
Software: SMD.
Supervision: CJM.
Visualization: SMD CJM.
Writing – original draft: SMD CJM.
Writing – review & editing: SMD LMC WRH CJM.
References
1. Blount ZD, Borland CZ, Lenski RE. Historical contingency and the evolution of a key innovation in an
experimental population of Escherichia coli. Proc Natl Acad Sci USA. 2008; 105: 7899–7906. https://
doi.org/10.1073/pnas.0803151105 PMID: 18524956
2. Blount ZD, Barrick JE, Davidson CJ, Lenski RE. Genomic analysis of a key innovation in an experimen-
tal Escherichia coli population. Nature. 2012; 489: 513–518. https://doi.org/10.1038/nature11514
PMID: 22992527
3. Quandt EM, Deatherage DE, Ellington AD, Georgiou G, Barrick JE. Recursive genomewide recombina-
tion and sequencing reveals a key refinement step in the evolution of a metabolic innovation in Escheri-
chia coli. Proc Natl Acad Sci USA. 2014; 111: 2217–2222. https://doi.org/10.1073/pnas.1314561111
PMID: 24379390
4. Quandt EM, Gollihar J, Blount ZD, Ellington AD, Georgiou G, Barrick JE. Fine-tuning citrate synthase
flux potentiates and refines metabolic innovation in the Lenski evolution experiment. eLife. 2015; 4:
e09696. https://doi.org/10.7554/eLife.09696 PMID: 26465114
5. Fischbach MA, Sonnenburg JL. Eating for two: how metabolism establishes interspecies interactions in
the gut. Cell Host Microbe. 2011; 10: 336–347. https://doi.org/10.1016/j.chom.2011.10.002 PMID:
22018234
6. Zelezniak A, Andrejev S, Ponomarova O, Mende DR, Bork P, Patil KR. Metabolic dependencies drive
species co-occurrence in diverse microbial communities. Proc Natl Acad Sci USA. 2015; 112: 6449–
6454. https://doi.org/10.1073/pnas.1421834112 PMID: 25941371
7. Rakoff-Nahoum S, Foster KR, Comstock LE. The evolution of cooperation within the gut microbiota.
Nature. 2016; 533: 255–259. https://doi.org/10.1038/nature17626 PMID: 27111508
8. Stolyar S, Van Dien S, Hillesland KL, Pinel N, Lie TJ, Leigh JA, et al. Metabolic modeling of a mutualistic
microbial community. Mol Syst Biol. 2007; 3: 92. https://doi.org/10.1038/msb4100131 PMID: 17353934
9. Moran NA, McCutcheon JP, Nakabachi A. Genomics and evolution of heritable bacterial symbionts.
Annu Rev Genet. 2008; 42: 165–190. https://doi.org/10.1146/annurev.genet.41.110306.130119 PMID:
18983256
10. Shimoyama T, Kato S, Ishii S, Watanabe K. Flagellum mediates symbiosis. Science. 2009; 323: 1574.
https://doi.org/10.1126/science.1170086 PMID: 19299611
11. Harcombe W. Novel cooperation experimentally evolved between species. Evolution. 2010; 64: 2166–
2172. https://doi.org/10.1111/j.1558-5646.2010.00959.x PMID: 20100214
12. Hillesland KL, Stahl DA. Rapid evolution of stability and productivity at the origin of a microbial mutual-
ism. Proc Natl Acad Sci USA. 2010; 107: 2124–2129. https://doi.org/10.1073/pnas.0908456107 PMID:
20133857
13. Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E, et al. Reciprocal rewards sta-
bilize cooperation in the mycorrhizal symbiosis. Science. 2011; 333: 880–882. https://doi.org/10.1126/
science.1208473 PMID: 21836016
14. Na D, Lee S, Yi G-S, Lee D. Synthetic inter-species cooperation of host and virus for targeted genetic
evolution. J Biotechnol. 2011; 153: 35–41. https://doi.org/10.1016/j.jbiotec.2011.03.004 PMID:
21396406
15. Harcombe WR, Riehl WJ, Dukovski I, Granger BR, Betts A, Lang AH, et al. Metabolic resource alloca-
tion in individual microbes determines ecosystem interactions and spatial dynamics. Cell Rep. 2014; 7:
1104–1115. https://doi.org/10.1016/j.celrep.2014.03.070 PMID: 24794435
16. Hillesland KL, Lim S, Flowers JJ, Turkarslan S, Pinel N, Zane GM, et al. Erosion of functional indepen-
dence early in the evolution of a microbial mutualism. Proc Natl Acad Sci USA. 2014; 111: 14822–
14827. https://doi.org/10.1073/pnas.1407986111 PMID: 25267659
Potentiation of interspecies cooperation
PLOS ONE | https://doi.org/10.1371/journal.pone.0174345 May 11, 2017 16 / 18
17. Pande S, Shitut S, Freund L, Westermann M, Bertels F, Colesie C, et al. Metabolic cross-feeding via
intracellular nanotubes among bacteria. Nat Commun. 2015; 6: 6238. https://doi.org/10.1038/
ncomms7238 PMID: 25703793
18. Pande S, Kaftan F, Lang S, Svatosˇ A, Germerodt S, Kost C. Privitization of cooperative benefits stabi-
lizes mutualistic cross-feeding interactions in spatially structured environments. ISME J. 2015; 10:
1413–1423. https://doi.org/10.1038/ismej.2015.212 PMID: 26623546
19. Douglas SM, Chubiz LM, Harcombe WR, Ytreberg FM, Marx CJ. Parallel mutations result in a wide
range of cooperation and community consequences in a two-species bacterial consortium. PLoS One.
2016; 11: e0161837. https://doi.org/10.1371/journal.pone.0161837 PMID: 27617746
20. Phillips PC. Epistasis–the essential role of gene interactions in the structure and evolution of genetic
systems. Nat Rev Genet. 2008; 9: 855–867. https://doi.org/10.1038/nrg2452 PMID: 18852697
21. Chou H-H, Chiu H-C, Delaney NF, SegrèD, Marx CJ. Diminishing returns epistasis among beneficial
mutations decelerates adaptation. Science. 2011; 332: 1190–1192. https://doi.org/10.1126/science.
1203799 PMID: 21636771
22. Khan AI, Dinh DM, Schneider D, Lenski RE, Cooper TF. Negative epistasis between beneficial muta-
tions in an evolving bacterial population. Science. 2011; 332: 1193–1196. https://doi.org/10.1126/
science.1203801 PMID: 21636772
23. Rokyta DR, Joyce P, Caudle SB, Miller C, Beisel CJ, Wichman HA. Epistasis between beneficial muta-
tions and the phenotype-to-fitness map for a ssDNA virus. PLoS Genet. 2011; 7: 1–10.
24. Kvitek DJ, Sherlock G. Reciprocal sign epistasis between frequently experimentally evolved adaptive
mutations causes a rugged fitness landscape. PloS Genet. 2011; 7: e1002056. https://doi.org/10.1371/
journal.pgen.1002056 PMID: 21552329
25. Chou H- H, Delaney NF, Draghi JA, Marx CJ. Mapping the fitness landscape of gene expression uncov-
ers the cause of antagonism and sign epistasis between adaptive mutations. PLoS Genet. 2014; 10:
e1004149. https://doi.org/10.1371/journal.pgen.1004149 PMID: 24586190
26. Kryazhimskiy S, Rice DP, Jerison ER, Desai MM. Global epistasis makes adaptation predictable
despite sequence-level stochasticity. Science. 2014; 344: 1519–1522. https://doi.org/10.1126/science.
1250939 PMID: 24970088
27. Chou H, Berthet J, Marx CJ. Fast growth increases the selective advantage of a mutation arising recur-
rently during evolution under metal limitation. PLoS Genet. 2009; 5: 1–12.
28. Kryazhimskiy S, Tkacik G, Plotkin JB. The dynamics of adaptation on correlated fitness landscapes.
Proc Natl Acad Sci USA. 2009; 106: 18638–16843. https://doi.org/10.1073/pnas.0905497106 PMID:
19858497
29. Wiser MJ, Ribeck N, Lenski RE. Long-term dynamics of adaptation in asexual populations. Science.
2013; 342: 1364–1367. https://doi.org/10.1126/science.1243357 PMID: 24231808
30. Burch CL, Chao L. Evolvability of an RNA virus is determined by its mutational neighbourhood. Nature.
2000; 406: 625–628. https://doi.org/10.1038/35020564 PMID: 10949302
31. Woods RJ, Barrick JE, Cooper TF, Shrestha U, Kauth MR, Lenski RE. Second-order selection for evol-
vability in a large Escherichia coli population. Science. 2011; 331: 1433–1436. https://doi.org/10.1126/
science.1198914 PMID: 21415350
32. Plucain J, Hindre´ T, Le Gac M, Tenaillon O, Cruveiller S, Me´digue C, et al. Epistasis and allele specific-
ity in the emergence of a stable polymorphism in Escherichia coli. Science. 2014; 343: 1366–1369.
https://doi.org/10.1126/science.1248688 PMID: 24603152
33. Old IG, Phillips SE, Stockley PG, Saint Girons I. Regulation of methionine biosynthesis in the Entero-
bacteriaceae. Prog Biophys Mol Biol. 1991; 56: 145–185. PMID: 1771231
34. Lawrence DA. Regulation of methionine feedback-sensitive enzyme in mutants of Salmonella typhimur-
ium. J Bacteriol. 1972; 109: 8–11. PMID: 4550678
35. Hobson AC, Smith DA. S-adenosylmethionine synthetase in methionine regulatory mutants of Salmo-
nella typhimurium. Mol Gen Genet. 1973; 126: 7–18. PMID: 4591373
36. Jarvik T, Smillie C, Groisman EA, Ochman H. Short-term signatures of evolutionary change in the Sal-
monella enterica serovar typhimurium 14028 genome. J Bacteriol. 2010; 192: 560–567. https://doi.org/
10.1128/JB.01233-09 PMID: 19897643
37. Su CH, Greene RC. Regulation of methionine biosynthesis in Escherichia coli: mapping of the metJ
locus and properties of a metJ plus-metJ minus diploid. Proc Natl Acad Sci USA. 1971; 68: 367–371.
PMID: 5277087
38. LaMonte BL, Hughes JA. In vivo hydrolysis of S-adenosylmethionine induces the met regulon of
Escherichia coli. Microbiology. 2006; 152: 1451–1459. https://doi.org/10.1099/mic.0.28489-0 PMID:
16622061
Potentiation of interspecies cooperation
PLOS ONE | https://doi.org/10.1371/journal.pone.0174345 May 11, 2017 17 / 18
39. Lawrence DA, Smith DA, Rowbury RJ. Regulation of methionine synthesis in Salmonella typhimurium:
mutants resistant to inhibition by analogues of methionine. Genetics. 1968; 58: 473–492. PMID:
4879382
40. Cairns J, Overbaugh J, Miller S. The origin of mutants. Nature. 1988; 335: 142–145. https://doi.org/10.
1038/335142a0 PMID: 3045565
41. Finkel SE. Long-term survival during stationary phase: evolution and the GASP phenotype. Nat Rev
Microbiol. 2006; 4: 113–120. https://doi.org/10.1038/nrmicro1340 PMID: 16415927
42. Usuda Y, Kurahashi O. Improved thermostability and acetic acid tolerance of Escherichia coli via
directed evolution of homoserine o-succinyltransferase. Appl Environ Microbiol. 2005; 71: 3228–3234.
https://doi.org/10.1128/AEM.71.6.3228-3234.2005 PMID: 15933025
43. Greene RC, Su C- H, Holloway CT. S-adenosylmethionine synthetase deficient mutants of Escherichia
coli K-12 with impaired control of methionine biosynthesis. Biochem Biophys Res Commun. 1970; 38:
1120–1126. PMID: 4908544
44. Urbanowski ML, Stauffer GV. Nucleotide sequence and biochemical characterization of the metJ gene
from Salmonella typhimurium LT2. Nucleic Acids Res. 1985; 13: 673–685. PMID: 2987805
45. Hegeman GD, Rosenberg SL. The evolution of bacterial enzyme systems. Annu Rev Microbiol. 1970;
24: 429–462. https://doi.org/10.1146/annurev.mi.24.100170.002241 PMID: 4927137
46. Hall BG, Hauer B. Acquisition of new metabolic activities by microbial populations. Methods Enzymol.
1993; 224: 603–613. PMID: 8264414
47. Weinreich DM, Delaney NF, DePristo MA, Hartl DL. Darwinian evolution can follow only very few muta-
tional paths to fitter proteins. Science. 2006; 312: 111–114. https://doi.org/10.1126/science.1123539
PMID: 16601193
48. Brown KM, DePristo MA, Weinreich DM, Hartl DL. Temporal constraints on the incorporation of regula-
tory mutants in evolutionary pathways. Mol Biol Evol. 2009; 26: 2455–2462. https://doi.org/10.1093/
molbev/msp151 PMID: 19602543
49. Umbarger HE. Regulation of amino acid metabolism. Annu Rev Biochem. 1969; 38: 323–370. https://
doi.org/10.1146/annurev.bi.38.070169.001543 PMID: 4896242
50. Bull JJ, Harcombe WR. Population dynamics constrain the cooperative evolution of cross-feeding.
PLoS One. 2009; 4: e4115. https://doi.org/10.1371/journal.pone.0004115 PMID: 19127304
51. McCutcheon JP, Moran NA. Extreme genome reduction in symbiotic bacteria. Nat Rev Microbiol. 2011;
10: 13–26. https://doi.org/10.1038/nrmicro2670 PMID: 22064560
52. Wilson K. Preparation of genomic DNA from bacteria. Current Protocols in Molecular Biology. John
Wiley & Sons, Inc; 2001.
53. Barrick JE, Yu DS, Yoon SH, Jeong H, Oh TK, Schneider D, et al. Genome evolution and adaptation in
a long-term experiment with Escherichia coli. Nature. 2009; 461: 1243–1247. https://doi.org/10.1038/
nature08480 PMID: 19838166
54. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coli K-12 using
PCR products. Proc Natl Acad Sci USA. 2000; 97: 6640–6645. https://doi.org/10.1073/pnas.
120163297 PMID: 10829079
55. Ellermeier CD, Janakiraman A, Slauch JM. Construction of targeted single copy lac fusions using
lambda Red and FLP-mediated site-specific recombination in bacteria. Gene. 2002; 290: 153–161.
PMID: 12062810
56. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29: e45. PMID: 11328886
57. Zamboni N, Fendt S-M, Ru¨hl M, Sauer U. (13)C-based metabolic flux analysis. Nat Protoc. 2009; 4:
878–892. https://doi.org/10.1038/nprot.2009.58 PMID: 19478804
Potentiation of interspecies cooperation
PLOS ONE | https://doi.org/10.1371/journal.pone.0174345 May 11, 2017 18 / 18
